Datta-Das transistor: Significance of channel direction, size-dependence of source contacts, and 

boundary effects 
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We analyze the spin expectation values for injected spin-polarized electrons (spin vectors) in a [001]-grown 
Rashba-Dresselhaus two-dimensional electron gas (2DEG). We generalize the calculation for point spin injec- 
tion in semi-infinite 2DEGs to finite-size spin injection in bounded 2DEGs. Using the obtained spin vector for- 
mula, significance of the channel direction for the Datta-Das transistor is illustrated. Numerical results indicate 
that the influence due to the finite-size injection is moderate, while the channel boundary reflection may bring 
unexpected changes. Both effects are concluded to decrease when the spin-orbit coupling strength is strong. 
Hence [110] is a robust channel direction and is therefore the best candidate for the design of the Datta-Das 
transistor. 
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PACS numbers: 72.25.Dc, 71.70.Ej, 85.75.Hh 

The Datta-Das spin-field-effect transistor (spin-FET),' 
stimulating plenty of theoretical and experimental works in 
semiconductor spintronics,^ has not yet been realized. Con- 
cluded difficulties are basically:^ (i) effective controllability 
of the Rashba spin-orbif* (SO) coupling strength a, (ii) long 
spin-relaxation time in two-dimensional electron gas (2DEG) 
systems, (iii) uniformity of a, and (iv) more efficient spin in- 
jection rate. So far, the former two conditions have been ba- 
sically satisfied in experimentspi^ while the latter two remain 
to be solved. 

In the original proposal of the Datta-Das spin-FET, the 
structure inversion asymmetry (the Rashba SO term) is re- 
quired to dominate over the bulk inversion asymmetry (the 
DresseUiaus SO term,^ with coupling strength (3) therein. 
However, the coupling strengths of the Rashba and Dressel- 
haus terms have been, in fact, found to be of the same order 
in certain types of quantum wells. Therefore, the influence 
due to the Dresselhaus term has become another issue in spin- 
tronics. For example, Lusakowski et al. had shown that the 
conductance of the Datta-Das spin-FET depends significantly 
on the crystallographic direction of the channel in the pres- 
ence of the Dresselhaus term. A more complete work done 
by Winkler is the investigation of the spin-splitting due to the 
effective magnetic field generated by the structure inversion 
asymmetry and the bulk inversion asymmetryiiil^ 

Recently, our previous work following Winkler even de- 
rived the analytical formulae of the electron spin precession 
in the 2DEG with both the Rashba and Dresselhaus terms 
involved.'^ The formulae obtained in Ref. 13 also implies 
the significance of the 2DEG channel direction, and is there- 
fore in correspondence with Lusakowski's result. However, 
the assumption of spin injection via an ideal point contact and 
the neglect of boundary effects in the 2DEG channel need be 
further investigated. In this paper, we mainly extend our previ- 
ous work'^ to include spin injection via finite-size source con- 
tacts and to take the boundary effect into account. The former 
consideration is found to provide an average effect and the 
change thus induced is moderate, while the latter may bring 
drastic influences. Both effects are concluded to be strong 
(weak) in weak (strong) SO-coupling channels. In the case 
of a(3 > 0, electrons encounter the strongest spin-splitting 



along the [110] direction,'^ which is therefore concluded to 
be a robust channel direction as a good choice of the Datta- 
Das spin-FET. Throughout this paper, we work within the 
single-particle picture using a standard quantum mechanical 
approach, in particular, the time-independent Schrodinger pic- 
ture, and assume zero temperature in the clean limit. 

Before considering the finite-size injection contact and the 
boundary effect in the 2DEG channel, we first generalize 
the formulae obtained in Ref. 13, which mainly describes 
the in-plane behavior of the electron spin, injected from an 
inplane-magnetized ferromagnet into the 2DEG, via an ideal 
point contact. Referring their results as (S)|! with the su- 
perscript denoting that the injected spin is inplane-polarized 
while the subscript is for expectation done on r = (r, (f>), 
we are now considering the more general case, namely, spin 
injection with arbitrary polarization. The spinor correspond- 
ing to the electron spin injected on is therefore given byl^ 
|s)r^ = ( e-*"^- cos (6l,5/2) , + sin (6*3 /2) )^, and we are thus 
seeking for the spin vector (S)^. = {h/2) {a)^ with a being 
the Pauli matrices. Also, we present the calculation of (cr^)^ 
to complete the description of the spatial behavior of the spin 
vector Using the same method introduced in Ref. 13, we 
obtain, choosing = 0, 
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with {a^Yl and {ay)l given by Eq. (5) of Ref. 13, {a,y^ = 
cos {(f — (j)s) sin A0, if = arg[(a cos sin sm(j)+ 
f3 cos (/))], and A9 (r) = 2m*r^a^ + /J^ + lafi sin {2^) jT? 
with TO* the electron effective mass, for the point spin injec- 
tion case in the absence of boundary effects. Clearly, Eq. 
Q recovers the previous results in Ref. 13 when putting 
9s = 7r/2. 

Next we consider a spin-polarized source connected to the 
2DEG channel, either from the side or from the top, via 
a finite-size contact. Assume that each electron is equally 
likely to be injected via all the possible injection points, 
which may be everywhere of the contact except the posi- 
tions close to the atoms. Let us assume that the possible 
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injection points locate on exactly the center of each primi- 
tive unit cell of the contact crystal for the top injection. In 
the case of side injection, the contact region becomes a line 
and the injection points are reduced to the middle points of 
each neighboring pair of atoms. Note that despite a displace- 
ment, the distribution of the injection points are equivalent 
to the lattice points of the contact. Labelling the positions 
of the injection points as r^, the state ket describing the in- 
jected electron detected on r may be superposed by \s)^ = 

(1/r (s|s)r)E. Is)r.^r ^ith Is)^^^^ givCn by'^ Is)^^^^ = 

J2a=±i exp[-i(TAe (r - r,) /2] (i/;^; 0|s)^^ IV'^; <^), where 
\'ipcr',4') is the eigenspinor of the Rashba-Dresselhaus system, 
(j> being the angle of the wave vector The subscript ^ r is 
to remind that the spin is injected on and detected on r after 
straight evolution. Note that this formulation can also include 
the problem of imperfect spin-polarized injection, i.e., to deal 
with a multi-domain ferromagnetic source contact. 

Now we deal with the channel boundary. The effect of 
the lateral confinement in the channel was previously re- 
garded as to provide a large energy gap between two neigh- 
boring subbands to avoid intersubband mixing in the trans- 
verse direction. '-'^ '^ Contrary to this suggested quasi-one- 
dimensional channel, we study a fully two-dimensional chan- 
nel and put emphasis on the electron wave property, i.e., both 
longitudinal and transverse directions are not strongly quan- 
tized, so that the spatial parts of the electron wave function in 
both directions are described by plane waves (under the effec- 
tive mass Hamiltonian). Based on this view point, we assume 
that each spin-polarized electron injected on may spatially 
evolve to the detection point r through not only the straight 
but also the reflected paths. Treating the lateral boundaries as 
hard walls, we write the corresponding state ket as 
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where |s)|:"l^j. is the spatially evolved state ket from r; to r 
after n times of reflection by the channel boundary. To avoid 
complicating the problem, we will pick terms up to n = 1 in 
the numerical results for the spin vectors under the influence 
of boundary effects. Note that the source and drain contacts 
are assumed to be ohmic, and hence we neglect the reflections 
in the longitudinal direction. 

Note that to obtain the reflected waves is somewhat 
tricky. For example, the n = 1 term with r; ^ r' ^ r 
path, where r' is the position vector the reflection occurs, 
can be obtained by Is)^..^^.,^^. = exp[— «o'A6'(r — 

r')/2] (V'<x;0r-r'|s)r.^r' lW;0r-r') with Is)^^^^' 

J2a exp[-iaAe{r' - ri)/2] (j)r'-r. l-lpa', 0r'-r.), (?!>r 

being the argument of the vector r. When considering finite- 
size injection, the total state ket characterizing the injected 
electron is expressed as \s)^ = (1/r (s|s)j.) J2i l^Yr ^^'^^ 

|s)rf-^r given by Eq. 

Now we present the calculated spin vectors inside the 
2DEG channel with certain cases of spin injection. We in- 
vestigate InGaAs 2DEG channels, setting the Rashba cou- 
pling parameter"^ a = 0.3 eV A with electron effective mass 
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FIG. 1: (Color online) Spin vectors in 0.4 x0.267/im InGaAs 
2DEG channels using (a) - (c) point spin injection and (d) - (i) finite- 
size spin injection, with the source contacts (indicated by dark dots 
or dark thick lines in each panel) all polarized parallel to the channel 
directions. Channel boundary effect is considered in (g) - (i). Color 
shading is determined by {Sz} with red (dark) — > negative and yellow 
(bright) ^ positive. 



m* = O.OSme, in the spin transistor geometry, i.e., injected 
spin-polarization parallel to the channel direction. The Dres- 
selhaus coupling parameter is chosen as P ~ 0.09 eV A, 
which is deduced from (3 « 1 {^1) with a typical value for 

the coefficientME k, 25eVA'^, assuming an infinite quan- 
tum well in z-direction with well width 50 A. 

We begin with the single-point spin injection case for dif- 
ferent channel directions without boundary effects. Three 
0.4 /xmx 0.267 2DEG channels along [100], [110], and 
[110] are examined, and the spin is injected on the middle 
point of the left end. Using Eq. Q, we sketch the spin vectors 
inside the three channels in Figs, [fla) - (c). Different spin 
patterns shown in the three cases indicate that the z-rotational 
symmetry is broken due to the presence of the DresseUiaus 
term. Thus the influence due to the bulk inversion-asymmetry 
is clear, even in this Rashba dominating 2DEG. As suggested 
in our previous work,'^ channel directions should be chosen 
along [1±10] since the Rashba and DresseUiaus terms gener- 
ate a fc-dependent effective magnetic field, which is perpen- 
dicular to the electron propagation only along these two di- 
rections. Such a uniqueness of these two axes we have just 
shown also agrees with Averkiev's conclusion that [1±10] are 
the principle axes of the spin relaxation rate tensor^S 

We now consider finite-size spin injection. The width of 
the contact is set 2/3 times the channel width, and perfect po- 
larization of the source contact in the spin transistor geometry 
is assumed. The spin vectors are plotted in Figs, [fld) - (i), 
where the middle and right columns are in the absence and in 
the presence of the boundary effect, respectively. Compared 
to the single-point injection shown in Figs, [^a) - (c), the 
variation due to the finite-size spin injection seems tiny in the 
case without the boundary effect [Figs. [Qd) - (f)], and the as- 
sumption of single-point injection may thus work well in this 
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FIG. 2: The a;-component (Sx) in units of fi/2 along the straight 
path in the middle of a (a) [100], (b) [110], and (c) [110] channel. 
Legend: black-solid and gray-dashed lines depict single-point and 
finite-size injection cases, respectively, without the boundary effect; 
gray-solid and black-dashed lines depict single-point and finite-size 
injection cases, respectively, in the presence of the boundary effect. 
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FIG. 3: The z-component (S^) in units of ft/2 along the straight 
path in the middle of a (a) [100], (b) [110], and (c) [110] channel 
with different channel widths. The legends in each panel label the 
corresponding channel widths in units of nm. 



case. When the boundary effect is taken into account, the spin 
vectors are drastically changed [Figs, [ijg) - (i)]. Compar- 
ing (d) - (f) with (g) - (i), respectively, one can roughly con- 
clude that the influence due to the boundary effect is stronger 
(weaker) in weaker (stronger) SO-coupling channels, recall- 
ing that this spin-splitting is strongest along [110] whereas 
that along [110] is weakest when a/3 > 0. In fact, this is also 
true for the influence due to the finite-size injection, as will be 
clearer later 

To specify the change due to the finite-size spin injection 
and the channel boundary effect, we analyze (Sx) along the 
straight paths in the middle of each channel, as shown in Fig. 
12 Without boudary effect, the effect of the finite-size in- 
jection merely reduces the spin precession lengths near the 
source contacts, and the corresponding reduction seems clear- 
est and vaguest in the weakest ([110]) and strongest ([110]) 
SO-coupling channels, respectively. This behavior becomes 
even clearer when the boundary effect is present. Comparing 
black-dashed (finit-size injection) with gray-solid lines (point 
injection), the difference seems, again, clearest (vaguest) in 
the [110] ([110]) channel. When focusing on individually the 
effect of the boundary reflection, similar behavior is observed. 
Taking the single-point injection cases (black- and gray-solid 
lines in Fig. |2} for illustration, the change due to the bound- 
ary effect appears again the most drastic in the case of [110], 
where the spin precession behavior is almost destroyed. 

Moreover, such interference effect may grow with the in- 
crease of the channel width. Figure |3] shows (Sz) under the 
influence of the boudary effect and under the same conditions 
with Fig. |2] except the varying channel widths. Clearly, we 
see that the interference effect grows fastest with the increase 
of the channel width in the [110] channel, while the most 
slowly in the [110] channel, implying its robustness charac- 
teristic. Also, the precession behavior is destroyed when the 
channel width is wide enough. This conclusion that when 
one considers wider (narrower) channels, the influence of 
the boundary effect becomes stronger (weaker), also agrees 
with the previous suggestions of using quasi-one-dimensional 
channel for enhancing the performance of the Datta-Das 
transistor,'* and also the slowdown of the D'yakonov-Perel' 
spin relaxation rate in narrow channels.— 



We finally make a simple connection to the ballistic 
spin transport, solving for the transmission problem in a 
ferromagnet-2DEG-feiTomagnet double junction structure, 
constructed by Matsuyama et al.,-^ who considered only the 
Rashba term in the 2DEG channel. As shown in Fig. |3a), 
we analyze the inplane components of the spin vectors in 
a 150 nm x 1.0 fim Rashba-type 2DEG (for consistency with 
their work), using the method of single-point injection. 

From the time-independent Schrodinger equation, one can 
obtain the coiTesponding transmission probabilities, which are 
found to depend on (i) the Fermi velocity mismatch between 
the ferromagnet and 2DEG regions and (ii) the spinor overlap 
between the incoming and outgoing states. Of particular inter- 
est is that the transmission probabilities (and, in fact, also the 
reflection probabilities) are proportional to this spinor over- 
lap. Put in another way, the electron dislikes changing its spin 
direction when crossing the boundary between the feiTomag- 
net and 2DEG regions. In this sense, one can clearly see why 
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FIG. 4: (a) Spin vectors inside a Rashba-type 2DEG channel of the 
spin-FET. Electron spins are injected via the middle point of the 
source contact, (b) and (c) plot | (S) ■ m|^ as a function of the carrier 
density Ha of the 2DEG, determined on the middle point at the end 
of the channel in the absence and in the presence of the boundary 
effect, respectively. The ranging of the carrier density Us correspond 
toQ = 0-0.22eVA. 
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the oblique injections contribute an "undesired background" 
to the transmission probabihty, and hence the conductance,^^ 
by noting that the spin vectors at the right end of the channel 
in Fig. Ua) are nonuniform. Assuming that the drain con- 
tact is polarized parallel to the channel direction, then only 
the spin vectors pointing to right on the 2DEG-drain inter- 
face give positive contribution to the conductance. Since only 
the normally injected spins in this Rashba channel encounter 
the precession axis parallel to the 2DEG-drain interface, giv- 
ing rise to the maximum oscillating amplitude when varying 
the a, the oscillation behavior of the total conductance ob- 
tained by summing all the transmission amplitudes from all 
the transmission modes (Landauer formula) will eventually be 
averaged down. 

Focusing on the normal injection [center path in the channel 
of Fig. 13 a)], the spin vectors indeed precess upright down the 
way to the drain, as the original design of the Datta-Das spin- 
FET.' Using the relation^^ oc a^, we plot |(S) ■ m|^ ((S) 
is determined at right end of the channel, and m is the unit 
vector of the channel direction), which is responsible for the 
transmission probabilities T±,±, as a function of the carrier 
density iig in Figs. |4lb) and (c). In the absence the bound- 
ary effect [Fig. |3b)], the squared projection |(S) ■ m|^ is 
isotropic and shows no dependence on the crystallographic 
direction, when the Dresselhaus term is not involved. Despite 
the rapid oscillations caused by the Fabry-Perot interference 
between the source-2DEG and 2DEG-drain boundaries, we 
obtain a satisfactory curve [black-solid line in Fig. EJb)], in 
good agreement with Ref. 22 [see Figs. 10(c) - (f) therein]. 
We again stress on the importance of choosing the channel di- 
rection for the Datta-Das transistor with /3 7^ 0, by noting that 
the precession behavior of the injected spin is sensitive to the 
channel direction [the other three lines in Fig. I^b)] . When the 
boundary effect is involved [Fig. |3^c)], the spin precession be- 
havior is totally changed, even the robust [110] channel. This 



is because the channel width is too wide, allowing a much sev- 
erer influence caused by the boundary reflection, as we have 
discussed previously. 

In conclusion, we have calculated the spin vectors inside 
the 2DEG channel of the Datta-Das transistor to demonstrate 
the significance of the channel direction and to investigate the 
size-dependence of source contacts and the channel bound- 
ary effects. The analytical spin vector formulae for the point 
spin injectioni^ are also generalized to arbitrary polarization 
of spin injection cases. Numerical results have shown that the 
influence due to the finite-size injection is moderate, while the 
channel boundary reflection may bring unexpected changes. 

We emphasize here the two-dimensional wave property 
of the electron in typical InGaAs 2DEGs. From degener- 
ate perturbation theory, one is led to the criterion' '* W ^ 
fi^/am*, within which the channel can be regarded as quasi- 
one-dimensional, when assuming hard wall lateral confine- 
ment and considering only the Rashba term. For the Rashba- 
Dresselhaus 2DEGs with, e.g., a = 0.3eVA, /3 = 0.09 eVA, 
and m* — 0.03me, the total coupling strength ranges from 
0.21 cVA ( the [lIO] direction) to 0.39cVA (the [110] di- 
rection). The criterion for the quasi-one-dimensional chan- 
nel win require W < 65mTi (121 nm) for the [110] ([110]) 
case. Therefore, typical InGaAs 2DEGs with channel widths 
of the order of or larger than these lengths will require two- 
dimensional description for the electron waves, and the possi- 
ble boundary effects are thus unavoidable. 

Our results may be taken as a warning indicating another 
difficulty inherent in the design of the Datta-Das spin-FET: 
the interference due to the channel boundaries. However, we 
conclude that the [110] direction is shown to be robust un- 
der the influence of finite-size spin injection and the boundary 
reflection, for [001] -grown zincblend-based 2DEGs. 

This work was supported by the Republic of China National 
Science Council Grant No. 94-21 12-M-002-004. 
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